Introduction
With global energy demands rising at an alarming rate, and concerns over the supply, security and environmental impact of conventional energy resources, attention is being turned to alternative, non-carbon based forms of energy. In this regard, the use of solar power, either directly through photovoltaics or as a source of energy to produce fuels through artificial photosynthetic pathways is widely regarded as the most viable long term solution. [1] [2] [3] [4] Of the various solar fuel alternative to fossil-derived hydrocarbons, hydrogen is especially attractive, offering high energy density, yielding water as the only byproduct of combustion and being available in almost limitless amounts, provided the challenges of coupling proton reduction to an efficient method of water oxidation can be overcome (eqn (1) and (2))
The chemical challenges of water oxidation (eqn (2)), requiring the extraction of four protons and electrons from two water molecules and formation of an O-O bond, are the most demanding, as well as posing some significant fundamental questions concerning proton-coupled electron transfer reactions. Nature has overcome these various issues using an exquisitely balanced chain of light harvesting complexes, electron transfer centres and a catalytically active polynuclear {Mn 4 CaO 5 } cluster to achieve photosynthesis in green plants. 5, 6 Inspired in part by this biological template, metal complexes offering a range of stable oxidation states, photochemical properties and, at least in principle, a modular aspect to their construction, have been now widely explored as water oxidation catalysts, [7] [8] [9] although recent rapid advances in solid-state catalysts must also be recognised. [10] [11] [12] [13] [14] [15] [16] The seminal work of Meyer's group on the 'blue dimer' [{(bpy) 2 
(H 2 O)Ru} 2 (μ-O)]
4+ , which turns over water in the presence of a sacrificial Ce(IV) oxidant 17 focussed many studies of molecular catalysts for water oxidation on complexes of ruthenium. 18 Refinement of the binuclear platform lead to the development of the Tanaka catalyst [{ (3,6- Within the ruthenium series of mononuclear complexes, a common design feature in the presence of five nitrogen donor ligands, typically as a tridentate and a bidentate or two monodentate ligands, and many catalysts featuring variations on this structural design are known. 22, [30] [31] [32] [33] [34] These systems are typically driven by a sacrificial chemical oxidant, such as Ce(IV), to regenerate the active form of the catalyst. Whilst this approach generates immense amounts of vital mechanistic information, complications can arise from the chemical non-innocence of the sacrificial reagent and counter ions, 35, 36 leading to interest in alternative strategies, such as immobilisation of these electrocatalysts on electrode surfaces. [37] [38] [39] [40] One alternative to the Ce(IV) based sacrificial oxidants, and which drives the area closer to the ultimate goal of a solar (light) driven process, utilises a photosensitizer such as [Ru(bpy) 3 The design of sensitizer-catalyst dyads for water oxidation is an immense challenge, demanding a balance between the photochemical properties of the dyad, forward and reverse electron transfer rates, thermodynamic driving forces and chemical kinetics of an intricate PCET bimolecular reaction (eqn (2)), all within a synthetically achievable platform. As part of the effort to explore the different aspects of this overall reaction scheme, attention has been directed to models of the key transformation [ [50] [51] [52] have explored in this fashion.
Curiously, despite the well-developed 'wire-like' properties of the alkynyl moiety, -CuC-, capable of promoting electron transfer between remote sites, and synthetic compatibility with polypyridyl-based ligand scaffolds, [54] [55] [56] there have been no reports to date of this fragment being used in the design of photoactive water oxidation dyads. As an initial step towards the design of alkyne-bridged photosensitizer-water oxidation complex dyads we have been drawn to the elementary [Ru(H 2 O)(bpy′)(tpy′)] 2+ family of water oxidation catalysts. 23 Substitution of both the 2,2′-bipyridine (bpy) and 2,2′:6′,2′′-terpyridine (tpy) ligands with a range of electron donating and withdrawing groups has been achieved, with general conclusions being that 4′-substitution of the tpy ligand by donor groups (OEt, OMe) gave enhanced catalytic activity, albeit with lower catalyst stability ( Fig. 1) . 34, 57, 58 Here we describe the preparation and characterisation of 4-arylethynyl-2,2′:6′,2″-terpyridine ligands L n , and the com- The same procedure as for 1Cl except L 2 was used in place of as a by-product by extracting the crude reaction mixture into dichloromethane and filtering prior to anion metathesis with NH 4 PF 6 and column chromatography.
Molecular structures
The ligand L 3 crystallises in a space group P2 1 /c with one molecule per unit cell (Fig. 2) . The structure shows an ethynyl toluene fragment attached to a tpy scaffold at the 4-position, which is consistent with the chemical reaction scheme and NMR and mass spectroscopy data collected from the compound. The structure shows the nitrogen atoms of the tpy ligand directed to maximise intramolecular hydrogen bonding, as is common with tpy derivatives. The C18-C23 phenylene ring lies out of the plane defined by the terpyridine moiety (C7-C8-C18-C23 = 27.01(11)°) whilst the C8-(C16-C17 midpoint)-C18 angle is bent from linearity by only 4.5°. The long-short-long bond length alternation along the C8-C16-C17-C18 fragment (1.433 (4) All three structures contain extending planar aromatic systems and not surprisingly in crystal these planar moieties are arranged parallel to each other at the distances (3.6-3.9 Å) typical to π⋯π interaction. Interestingly the triple bonds and nitro-group (in the structure [4Cl]PF 6 ) are also sandwiched between aromatic rings and such arrangement is probably also attractive and additionally stabilizes the crystals.
Computational
A brief investigation was performed using ab initio calculations to study the electronic structure of + and the related optimisations were performed using density functional theory (DFT) as part of the Gaussian09 package. 72 Frequency and time-dependent (TD) calculations were performed on optimised ground-state structures, and results were displayed using GaussView. 73 All calculations were carried out at the B3LYP level employing an SDD basis set. The calculated frequencies were scaled by 0.961 74 to account for the anharmonicity of the vibrational modes. The assignments of the spectra were made using each level and the MAD values determined for all of the assigned peaks (see ESI †). An unambiguous assignment of vibrational modes from visual comparison of spectra was possible for most absorption features. TD-DFT calculations were carried out in an acetonitrile solvent field using the SCRF-PCM method which creates the solvent cavity via a set of overlapping spheres. 75 Geometry optimisations were not carried out in a solvent field for reasons of computational expense; however, correlation between the experimental results and the TD DFT calculations which include the solvent and gas-phase optimised geometries was found to be better than for calculations where solvent contributions were completely neglected. A comparison of + cation HOMO energy levels shows almost no change across the series, despite the significant differences in the electron donating (OMe, Me) and withdrawing (NO 2 ) nature of the phenylene substituents ( the tpy π* and from the LUMO (Fig. 5) . The tpy π* orbital is found 0.82 eV higher in energy and forms the LUMO+1. Table 1 ). The HOMO levels of the aqua complexes span a slightly larger range of energies than the chloride analogues, but still differ by less than 0.17 eV. In the case of the unoccupied orbitals, the lowering of the orbital energies associated with the complex serves to limit the nitrophenyl based LUMO and tpy π* LUMO+1 energy gap, and the difference of the LUMO energies between [1H 2 
Electronic spectroscopy
The electronic absorption spectra of the complexes + feature π → π* transitions at wavelengths shorter than 400 nm and MLCT bands between 600-450 nm which are most clearly resolved for [1Cl] + and [3Cl] + (Fig. 6 , Table 2 ).
Based on time-dependent density functional theory (TD-DFT) calculations of complexes + (see ESI † for further details) the higher energy feature of the MLCT absorption envelope (ca. 500 nm) consists of a mixed transition between the pseudo 't 2g ' 3d orbitals of the ruthenium (HOMO, HOMO−1 and HOMO−2), which are heavily metal centred and (Fig. 7) . Plots of these orbitals show that whilst the HOMO → LUMO+2 transition is largely MLCT in character and localised on the metal 3d and {Ru(bpy)(tpy)} fragments, the HOMO−1 → LUMO transition admixes a degree of intra ligand π-π* character from the arylethynylter- pyridyl ligand, which becomes more extensively associated with the nitrophenyl group in the case of [4Cl] + .
The implications of low lying electronic transitions involving the ethynyl phenylene fragment in the chloride complexes + prompted consideration of the analogous aqua complexes, which are the key active species in the oxidative chemistry described in the Introduction. (Fig. 6) . However, the apparent band maxima of these spectra remain significantly red-shifted compared to that of the parent complex [Ru(H 2 O)(bpy)(tpy)] 2+ (λ max = 476 nm), 76 likely due to the extended conjugation between the terpyridyl and CuCC 6 H 4 R moieties. The lowest energy visible absorption band envelope is rather broad, which could either be attributed to a mixture of aqua and chloride species present in the in the solution or multiple transitions within the envelope. Based on TD-DFT calculations (see ESI †) the aqua complexes each feature two relatively intense transitions (i.e. of oscillator strength >0.1) between 530-450 nm. As with the chloro analogues, these transitions are of essentially MLCT character and are similarly comprised.
Vibrational spectroscopy
Resonance Raman (RR) spectroscopy allows selective enhancement of modes within a chromophore when the excitation wavelength (λ ex , here 532 nm) is coincident with the chromophore absorption. The Raman spectrum of each of the complexes [1-4Cl]PF 6 was collected using λ ex = 532 nm, a wavelength chosen to probe the lower energy component of the MLCT absorption envelope and for which TD-DFT calculations indicated involved orbitals with the greatest contribution from the ethynyl phenylene moiety (Fig. 8) . Although many of the vibrations observed in the RR spectra associated with tpy and bpy based aromatic modes (622-1604 cm −1 ) remained unchanged despite the variation in phenylene substitution, the lowest energy vibrational modes associated with the most delocalised parts of the ethynyl substituted terpyridine ligand were found to be more sensitive to the nature of the substituent (582-553 cm −1 ).
RR spectra of the aqua complexes [1-4H 2 O](OTf) 2 were generally very similar to those of the chloride complexes, although the blue shifted λ MLCT resulted in less resonant enhancement by the 532 nm laser resulting in lower relative intensities of many of the bands. Nevertheless, the key symmetric in plane stretches of the aryleneethylene substituted terpyridine ligand bands were clearly apparent near 1350 and 1600 cm −1 in each case (Fig. 8) . No vibrational modes associated with a coordinated triflate were observed which suggests the triflate counter ion was not coordinating to the metal centre.
Electrochemistry and spectroelectrochemistry
Each of the chloro-complexes ([1-4Cl]PF 6 ) display a single almost fully electrochemically reversible oxidation wave at 0.44-0.46 V (vs. ferrocene) associated with the Ru(II)/(III) couple, albeit with some evidence for border-line slow electron transfer based on the behaviour of the peak-current ratios with scan rate, and a single similarly near reversible reduction wave associated with the reduction of one of the ligands (Table 3 ). The oxidation potential is similar to that of [RuCl (bpy)(tpy)] + (E 1/2Ox = 0.45 V), 76 suggesting that the addition of -CuCC 6 H 4 R moiety has little effect on the ruthenium centre, which is also supported by <0.02 V potential difference in oxidation potential across the series. Given the well-behaved solution redox chemistry, spectroelectrochemistry was employed to observe the oxidised species [1Cl] 2+ as a representative example (Fig. 9) . 63,77 Upon oxidation of [1Cl] + the MLCT band envelope is quenched while the π → π* transitions (<400 nm) are only slightly affected, confirming that the electron is being removed from the metal centre, and therefore the assignment of the oxidation to a formal Ru(II/III) process. The original spectrum was fully recovered on backreduction, confirming both the assignment of the spectrum to [1Cl] 2+ and the chemical stability of this complex under these conditions.
Photocatalytic behaviour
As Rocha et al. (30)) measured under the same conditions. 51, 78, 79 Although the unavoidably high error in the measurements prevented any relationship being drawn between the electron-withdrawing effects of the ethynylphenyl substituents, this report clearly demonstrates these compounds remain catalytically active with the ethnyl moiety neither decreasing activity markedly nor leading to excessive photodecomposition. 6 ) containing ethynyl phenylene substituted moieties have been synthesised and characterised. The electronic absorption and RR spectra show that the ethynyl phenylene moiety has some effect on the excited state of both the chloro and aqua complexes by tuning the composition of the LUMO, whilst the HOMO remains largely metal centred, which is in agreement with electrochemical, spectroelectrochemical and computational results. Finally, through the photocatalytic measurements it has been possible to show that the catalytic oxidation of 4-methoxybenzylalcohol to 4-methoxybenzaldehyde can be performed using either the chloro-or aqua-catalysts and that the addition of ethynyl phenyl moieties to the 4-position of the tpy ligand does not have a detrimental effect on the catalytic behaviour of these complexes, potentially allowing a host of other functionalities to be added to these complexes via an alkyne without the risk of adversely affecting the catalysis.
